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Abstract Along the river network, water, sediment, and nutrients are transported, cycled, and altered by
coupled hydrological and biogeochemical processes. Our current understanding of the rates and processes
controlling the cycling and removal of dissolved inorganic nutrients in river networks is limited due to a lack
of empirical measurements in large, (nonwadeable), rivers. The goal of this paper was to develop a coupled
hydrological and biogeochemical process model to simulate nutrient uptake at the network scale during
summer base ﬂow conditions. The model was parameterized with literature values from headwater streams,
and empirical measurements made in 15 rivers with varying hydrological, biological, and topographic characteristics, to simulate nutrient uptake at the network scale. We applied the coupled model to 15 catchments
describing patterns in uptake for three different solutes to determine the role of rivers in network-scale nutrient cycling. Model simulation results, constrained by empirical data, suggested that rivers contributed
proportionally more to nutrient removal than headwater streams given the fraction of their length represented in a network. In addition, variability of nutrient removal patterns among catchments was varied
among solutes, and as expected, was inﬂuenced by nutrient concentration and discharge. Net ammonium
uptake was not signiﬁcantly correlated with any environmental descriptor. In contrast, net daily nitrate
removal was linked to suspended chlorophyll a (an indicator of primary producers) and land use characteristics. Finally, suspended sediment characteristics and agricultural land use were correlated with net daily
removal of soluble reactive phosphorus, likely reﬂecting abiotic sorption dynamics. Rivers are understudied
relative to streams, and our model suggests that rivers can contribute more to network-scale nutrient
removal than would be expected based upon their representative fraction of network channel length.
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1. Introduction
Globally, since the beginning of the twentieth century, nitrogen and phosphorus inputs to aquatic ecosystems have increased dramatically due to increasing human activities such as urbanization, and fertilizer
application associated with agricultural land use (Bouwman et al., 2005; Seitzinger et al., 2005; Smil, 2000).
Runoff of excess nutrients has led to water quality degradation of rivers worldwide, and eutrophication of
receiving waters (Diaz & Rosenberg 2008; OECD, 1982), such as the Gulf of Mexico (Alexander et al., 2000;
Rabalais et al., 2002). As the critical link between terrestrial and coastal ecosystems, river networks play an
important role in nutrient transformation and export (Alexander et al., 2000; Bernhardt et al., 2005; Mulholland et al., 2008). They do not simply transport nutrients from terrestrial to coastal ecosystems (i.e., as pipes
or conduits). Through nutrient removal from the water column associated with the river channel, the river
network also acts as a temporary or permanent nutrient sink via processes such as biotic assimilation, denitriﬁcation, and sediment sorption during ﬂuvial transport (Billen et al., 1991).
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Given their importance for nutrient retention, transport, and transformation of inorganic nitrogen and phosphorus in river networks has been researched extensively, through both empirical ﬁeld measurements
(Claessens & Tague, 2009; Claessens et al., 2009; Dodds et al., 2002; Hall et al., 2009; Tank et al., 2008) and
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model simulations (Aguilera et al., 2013; Alexander et al., 2009; Donner et al., 2002; Seitzinger et al., 2002; Wollheim et al., 2008a). Because headwater streams constitute most of a river network, it is not surprising that the
majority of empirical research on ﬂuvial nutrient transformations (i.e., temporary and permanent) has focused
on small, headwater streams under base ﬂow conditions (Ensign & Doyle 2006; Hall et al. 2013; Tank et al.
2008). Nutrient removal rates are high in headwater streams due to relatively high benthic surface area to
water volume ratios which support bioreactive benthic communities (Alexander et al., 2000; Peterson et al.,
2001; Seitzinger et al., 2002). Nevertheless, simulation studies have indicated that the contribution of rivers to
total nutrient uptake can be considerably more than would be predicted with their relatively small fraction of
the total channel length in a river network. For example, in 16 eastern U.S. catchments modeled by Seitzinger
et al. (2002), ﬁrst- to fourth-order streams constituted 90% of total channel length, yet accounted for only half
of the total nutrient removal while ﬁfth- and higher-order streams removed the other half, despite representing only 10% of the total channel length. Other simulation studies have also suggested that rivers could have
considerable impact on catchment nutrient removal due to hypothesized increases in biological activity (Wollheim et al., 2006). To better understand the role of rivers in network-scale nutrient retention and export, more
empirical data are needed from ﬁeld measurements carried out in ﬂuvial systems of all sizes, but especially in
large rivers. Although a few empirical studies have focused on rivers (Dodds et al., 2008; Tank et al., 2008; Wollheim et al., 2001), the previously available data are inadequate for the development of more universal theories
applicable across multiple spatial scales (Aguilera et al., 2013; Hall et al., 2013).
Most previous observations of nutrient uptake rates have been made at the outlet of a single segment of
the river, and there have been relatively few experiments conducted concurrently across the entire river
network, from headwaters to the downstream outlet (Seitzinger et al., 2002). This lack of data is likely
because it is both expensive and time consuming to measure nutrient spiraling processes continuously and
in space-time across the entire stream network (Helton et al., 2011). Given these challenges, river network
models of nutrient transport and transformation may be a suitable alternative tool to upscale removal
mechanisms found at the reach-scale to connect to observations at the basin scale (Aguilera et al., 2013)
and subsequently to extrapolate measured uptake parameters at both scales to the whole river network.
Such models could also be used to further study the impact of network-scale heterogeneity in lateral nutrient inputs, temporal hydrological variability, and in-stream nutrient saturation, on nutrient removal mechanisms across the entire river network (Wollheim et al., 2008a, 2008b).
Several models have been developed to quantify nutrient uptake during transport in river networks, such
as SPARROW (Alexander et al., 2000, 2009; Smith et al., 1997), RivR-N (Seitzinger et al., 2002), FrAMES (Wollheim et al., 2008a), and a hydrogeomorphic model accounting for groundwater-linked base ﬂow (GomezVelez et al., 2015; Kiel & Cardenas, 2014). These models are typically parameterized based on previous
empirical measurements made in small streams only (i.e., Gomez-Velez et al., 2015; Helton et al., 2011),
applying the same nutrient uptake values from headwaters to the whole network or developing multiple
regression relationships to describe how nutrient uptake changes with stream size. Limitations of this
approach include: (1) due to the lack of riverine nutrient uptake data, it is difﬁcult to validate results simulated by simple extrapolation of regressions obtained using data from small streams—even if the results
were calibrated we may still obtain correct results for incorrect reasons; (2) there could be signiﬁcant variability in the regression relationships governing nutrient uptake among different catchments; (3) characteristics not included in the models likely inﬂuence nutrient uptake, especially when the magnitude of nutrient
input grows with river size (Reisinger et al., 2016; Roberts & Mulholland, 2007).
Most of the previous modeling studies highlighted above were carried out in one or two catchments, and
even for those using multiple catchments (i.e., Seitzinger et al., 2002), previous analyses focused on exploring scaling effects within a catchment, with limited discussion of variation among catchments. This constrained focus may result from a lack of ﬁeld measurements across regions, necessitating the use of a
generalized regression relationship for parameterization of nutrient removal rates. These universal regressions, however, may not reﬂect the diversity among catchments caused by factors not normally considered
in the regression relationships (e.g., biotic activity and turbidity). Model simulations could be improved
through the use of a universal framework that incorporates upscaling from individual reaches to the network, accounts for variability of nutrient uptake mechanisms across catchments and scales, includes small
streams and large rivers, and can be ground truthed through measurements at the outlet (Aguilera et al.,
2013; Dodds, 2006; Martı et al., 2004; Tank et al., 2008).
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In this paper, we develop a new modeling framework that extends reach-scale measurements of nutrient
uptake to catchment (or network) scale using empirical relationships between nutrient uptake and physical
characteristics of the river network across scales during summer base ﬂow conditions, using empirical measurements made at that same time period. We perform this scaling by adjusting the general relationship
obtained using empirical data, including previously published data from small streams and new data from
15 rivers, and parameterize the model separately for 15 geographically different catchments with varying
physiochemical conditions to consider the potential variability among the catchments. Our goals for the
modeling study were to (1) develop a catchment-scale model to describe nutrient uptake, parameterized
with previously published results from headwater streams and new ﬁeld measurements in 15 rivers; (2)
apply the model to 15 catchments to examine the spatial distribution of nutrient uptake within the network,
comparing nutrient removal in small streams to rivers; (3) describe variation in the spatial patterns of nutrient uptake for three different solutes in the 15 study catchments; and, (4) explore correlations between
solute-speciﬁc uptake and environmental and catchment variables.

2. Methods
2.1. Model Structure
In this study, we apply a dynamic hydrologic network model that is coupled with a nutrient transport
model. The coupled model presented here is an extension of the model used previously by Ye et al. (2012).
The ﬂow portion of the model is based on the representative elementary watershed (REW) approach developed by Reggiani et al. (2001) which divides the whole catchment into a number of subcatchments (REWs),
and each REW, as the smallest functional unit, includes one stream reach connected to upstream and downstream reaches/REWs via the river network. Tian et al. (2006) implemented a numerical model of ﬂow in the
river network, THREW (TsingHua representative elementary watershed) based on REW concepts, which was
later used in a distributed runoff modeling investigation by Li et al. (2010). The model we use here is a simpliﬁed version of the original THREW model, which keeps the main mass and momentum balance equations
for ﬂow in the river network from the THREW model.
The network ﬂow model has several advantages compared to previous models that extrapolate ﬂow and
nutrient transport at the network scale: our model (1) is physically based at the scale of constituent stream
reaches, (2) can be easily applied to simulate dynamic ﬂow conditions, not just the steady state condition,
and (3) is computationally efﬁcient, and easily applied to large networks over long time scales. The mass
balance equations for each component stream reach are as follows:
X
dSi
Qjup 2Qiout
5Qil 1
dt

(1)

Qiout 5v i Ai

(2a)

Qjup 5v j Aj

(2b)

where Si is water storage at local reach i [L3], Q il is the lateral inﬂow [L3 T21], Q jup is the inﬂow from
upstream nodes [L3 T21], Qiout is the outﬂow from reach i [L3 T21], v j is the velocity at the upstream end of
reach j [L T21], A j is cross-sectional area of the jth upstream reach [L2] (5Sj/L, where L is the reach length),
and vi is the velocity at local reach i [L T21]. Velocity (vi) is estimated by the reach-scale momentum balance
equation (i.e., Saint-Venant momentum balance equation),
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u i 1=3
X1
uðR Þ
1
1
v i 5 i t i i ðAi Li sin ci 6
hi ðAi 1Aj Þ2 hi Ai Þ
(3)
PL
n
4
2
j6¼i
where ni is the roughness coefﬁcient of local REW i, Ri is the hydraulic radius, Pi is average wetted perimeter,
sinci is the mean slope of REW i, and hi is the mean depth of REW i [L]. Both water and momentum balances
are preserved with each REW. Detailed derivations of these equations and an explanation of the assumptions behind them are in Tian et al. (2006) and Ye et al. (2012).
We note that in contrast to Ye et al. (2012), due to the lack of reliable hydraulic geometry information for
the 15 study catchments reported on here, we assumed the channel shape to be rectangular and estimated
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the channel width from the drainage area for the study catchments, and then rescaled through conditioning with the measured width at the catchment outlet (Figure 1).
The nutrient portion of the model is expressed in terms of the mass balance equation for nutrient transport
and transformation at the scale of an individual stream reach in the river network:
X
dðSi C i Þ
j
i
i
Þ2Qiout C i 2Ntu
1Nmin
5Qil Cli 1 ðQjup Cup
dt

(4)

i
Ntu
5Ri ðQiout C i Þ

(5)

i
i
Nmin
5bNtu

(6)

–
where Ci is solute concentration (i.e., ammonium [NH1
4 ], nitrate [NO3 ], or soluble reactive phosphorus [SRP])
23
i
at the local reach [M L ], C l is solute concentration of lateral inﬂow [M L23], C jup is solute concentration of
the upstream reach j [M L23], N itu is total uptake of nutrients from the water column [M T21], and Nimin is
the mineralization component returning nutrients to the water column [M T21]. Mineralization was estimated as a fraction of total nutrient uptake, represented as a constant b. Based on previous studies, b was
–
set to 0.185 for NH1
4 (Peterson et al., 2001), 0.034 for NO3 (estimated from Mulholland et al., 2008), and
0.045 for SRP (Mulholland et al., 1985). The term R (unitless) represents the fraction of nutrient removed
from the water column, and is estimated based on Wollheim et al. (2006):


Li
(7)
Ri 512exp 2 i
Sw

where Siw is the uptake length at the local reach i. This formulation is identical to two alternative formulations, given by:


vi
(8a)
Ri 512exp 2 fi
HL

Figure 1. Schematic of the solute transport model coupled with hydrological dynamics: (a) catchment discretization into
representative elementary catchments (REWs) distributed around the river network (modiﬁed from Ye et al., 2012); (b)
each REW includes a channel reach receiving water and dissolved nutrient from lateral inﬂow.
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 i 
L
Ri 512exp 2 i k i
v

(8b)

In equation (8a) (Wollheim et al., 2006), HL [L T21] is the hydraulic load deﬁned as HL 5 Q/(wL), and vf [L T21]
is vertical uptake velocity deﬁned as vf 5 Q/(wSw), where w is the width of the channel [L] and Q is discharge
[L3 T21]. In equation (8b) (Ye et al., 2012), k is the uptake rate [T21], deﬁned as the ratio of ﬂow velocity
[L T21] over uptake length Sw [L], i.e., k 5 v/Sw, which makes Li/vi a residence time in reach i. Equations (7),
(8a), and (8b) represent equivalent formulations.
In this paper, we will use equation (7) because it uses uptake length Sw, which can be obtained through
direct empirical measurement in the ﬁeld and is commonly reported in empirical measurements of nutrient
spiraling, and therefore can be directly compared across a range of studies. Uptake length (Sw) is deﬁned as
the average distance a solute travels downstream prior to being removed from the water column and is a
standard empirical measurement used in stream nutrient spiraling studies (Tank et al., 2006). Also, note that
the nutrient uptake metrics measured in the 15 rivers refer to total reach-scale nutrient removal. We do not
partition uptake between main channel and storage zones, as was done by Ye et al. (2012), nor do we distinguish permanent removal (i.e., denitriﬁcation) from assimilatory uptake but rather we are interested in
total nutrient removal from the water column.
We also include a mineralization component to represent the return of inorganic N or P to the water column, expressed as a fraction of total uptake, where the fraction is obtained from published studies. Conceptually, nutrient uptake measured in the ﬁeld should represent net uptake (i.e., total uptake minus
mineralization). However, we conducted ﬁeld experiments over a period of hours, which is too short to
account for mineralization of nutrients that were assimilated during ﬁeld experiments. Thus, our measurements more closely reﬂect gross uptake, and we must estimate rates of nutrient mineralization using empirically derived estimates from previous tracer studies. Given the limited data available to quantify
mineralization rates in the context of catchment scaling, we simpliﬁed the model using a constant mineralization rate derived from previously published literature. We recognize that further observational studies are
needed in order to accurately estimate how mineralization varies in space/time, and how it is affected by
environmental characteristics.
2.2. Study Catchments
We selected ﬁve Midwestern rivers and ten Western rivers across the United States, spanning a gradient of
biological activity, nutrient enrichment, and turbidity, to quantify the variation in, and establish drivers of,
riverine nutrient uptake using methods from Tank et al. (2008). We use the individual Sw values for NH1
4,
NO–3 , and SRP measured in these 15 rivers in our comparative modeling (Figure 2). Data from ﬁeld-based
empirical quantiﬁcation of nutrient uptake in the 15 rivers will hereafter be referred to as the ‘‘river uptake
experiments.’’
The 15 rivers in this study are grouped into three classes based on their climate and land use characteristics:
ﬁve Midwest rivers (Muskegon, Tippecanoe, White, Manistee, and St. Joseph Rivers) with high nutrient concentrations due to varying degrees of agricultural land use, ﬁve Mountain West rivers (Salmon, Snake, Buffalo,
Green River below Fontenelle Dam, and Henry’s Fork Rivers) with relatively low-turbidity and inorganic
nutrient concentrations and native land use, and ﬁve Arid West rivers (Bear, Colorado, Green at Ouray, Green
River at Gray Canyon, and North Platte Rivers) having an arid climate, relatively low inorganic nutrient concentrations and native land use, but with high water column turbidity due to their geologic setting. We use both
–
the uptake lengths and concentrations for NH1
4 , NO3 , SRP measured at the outlet of each catchment for
model development and calibration (section 2.2). We also note that due to the presence of a reservoir along
the river network, we did not include Bear Lake in the Bear River catchment model simulations, as the model
is not presently capable of lake or reservoir simulation. The lake is located near the outlet of the watershed,
making the area removed from simulation minimal, and its impact on nutrient removal dynamics downstream
should therefore be negligible. Given the relatively small inﬂuence of Bear Lake on the river network, and the
minimal effect of lakes on nutrient retention across river networks reported by Seitzinger et al. (2002), the
removal of Bear Lake is deemed acceptable for this investigation of river network nutrient uptake.
To quantify river contributions to nutrient retention across river networks, we divided the stream reaches
within the river networks into two groups: streams with mean ﬂow < 2 m3/s and rivers with mean
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Figure 2. (a) Map of the 15 study catchments; (b) ﬁve Mountain West rivers: Salmon River, ID (SAL); Henry’s Folk, ID (HNF);
Snake River, WY (SNK); Buffalo Fork, WY (BUF); Green River below Fontenelle Dam, WY (GRF); ﬁve arid west rivers: Bear
River, UT (BEA); Green River at Gray Canyon, UT (GRG); Green River at Ouray, UT (GRO); Colorado River, CO (COL); North
Platte River, WY (NPL); and (c) ﬁve Midwest rivers: Manistee River, MI (MAN); St. Joseph River, MI (STJ); Muskegon River, MI
(MUS); Tippecanoe River, IN (TIP); and East Fork of the White River, IN (WHI).

ﬂow > 2m3/s. Note that 2 m3/s is chosen here as the threshold because it is the breakpoint we have inferred
from meta-analyses of previous measurements (Tank et al., 2008, Hall et al. 2013), and it also represents a
breakpoint beyond which rivers typically become nonwadeable and traditional nutrient spiraling methods
can no longer be used (Tank et al., 2006).
2.3. Field Experiments
The ﬁeld experiments were conducted during summer base ﬂow conditions from 2012 to 2014. We used
the pulse addition method (Tank et al., 2008) in the 15 rivers where bromide (Br–) was used as a conserva–
tive tracer and ammonium (NH1
4 ), nitrate (NO3 ) and SRP were used as reactive solutes for the measurement
of their respective uptake lengths, following Tank et al. (2008). At each river, we performed two separate
pulses. Both pulses used Br– as a conservative tracer, and one pulse contained NH1
4 , whereas the other con–
tained both NO–3 and SRP. We separate NH1
4 and NO3 to compare riverine preference for different N species,
but time limitations necessitated combining NO–3 and SRP. During the pulse, we collected 40 water samples
at four sites downstream of the injection points. Sampling times were set a priori based on a prior
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conservative tracer addition to fully capture the entire breakthrough curve (i.e., samples were taken before
the pulse, during the pulse, and after the pulse passed by a station). We measured concentrations of conservative and reactive tracers using standard colorimetric methods and ﬂow-injection analyzers. After quantifying tracer concentrations, we integrated each breakthrough curve to quantify the mass of each solute
passing by each station, and then we regressed the natural log of the ratio of background-corrected reactive tracer to background-corrected conservative tracer against distance downstream. The absolute value of
the inverse of this regression’s slope is the uptake length (Sw). Further detail on the ﬁeld methods can be
found in Tank et al. (2008), and details about site conditions can be found in Hall et al. (2016) and Reisinger
et al. (2016).
2.4. Model Set Up and Parameterization
2.4.1. Inputs: Lateral Inflow and Concentration
For each of the 15 study catchments, we collected 15 min ﬂow data from USGS gauges located at the catchment outlet near where ﬁeld experiments were conducted. As the experiments were conducted during
base ﬂow conditions, ﬂow variability was low, and for consistency with ﬁeld measurement conditions and
simplicity of the model, we assumed ﬂow to be at steady state. We calculated an average value of 15 min
ﬂow during the 3 month low-ﬂow period, and normalized it by drainage area [L3/L2]. This area-normalized
ﬂow rate was assumed to be homogeneous across the catchment and was then multiplied by the individual
area of each REW to provide lateral inﬂow for each subcatchment (REW) [L3] (Supporting Information, Table
S1). The simulations were conducted for a period long enough to make sure both hydrologic and nutrient
uptake processes reached steady state.
Due to a lack of empirical data on lateral inﬂow concentrations, and also because the aim of this paper was to
understand how inorganic nutrients are retained in river networks, as a simpliﬁcation we assumed a homogeneous and constant (in time) nutrient concentration in the lateral inﬂows. We also conducted sensitivity analyses on the effect of randomizing lateral inﬂow concentration with same total input amount (Supporting
Information, Figure S1). As the trends remained the same, we will use the results based on homogeneity
assumptions. With the input of lateral water inﬂows and nutrient input concentrations, the model simulates
concentrations throughout the network, including at the catchment outlet, where we can compare against
measured concentrations. By calibrating the lateral inﬂow concentration across the catchment, we ensured
that the measured and model-simulated concentrations at the outlet matched, similar to the approach used
by Helton et al. (2011). To test how realistic our modeled lateral inﬂow concentrations were, we compared
nutrient concentrations from several USGS groundwater sites located within the study catchments against the
calibrated lateral concentrations, and found that over half of the calibrated lateral inﬂow concentrations for
–
the three solutes (NH1
4 , NO3 , and SRP) fell within the ranges of USGS observations (Supporting Information,
Table S2). For concentrations that fell outside of the range, their magnitudes were nevertheless similar to the
observations for most Western rivers. For Midwestern rivers, especially for SRP, the calibrated values were
higher than USGS groundwater measurements, likely because SRP is derived from surface or near-surface
ﬂows (e.g., subsurface tile drains), which are not captured by USGS groundwater sampling. We note that this
is a qualitative veriﬁcation of our calibration and is the best we could do given a lack of data with higher
spatial resolution. Nevertheless, this analysis gave us conﬁdence in the calibrated lateral inﬂow concentrations
assumed in the model.
2.4.2. Parameterization: Sw
From the river experiments, we have empirical measurements of Sw in one reach at the catchment outlet
for the 15 catchments, but to model nutrient uptake across the entire river network, we need Sw for each
REW in the network. Therefore, we need a scaling approach to estimate Sw for each reach within the network based on measured Sw at the outlet. Data synthesis efforts have shown that Sw is related to ﬂow (Hall
et al., 2013; Tank et al., 2008) and nutrient concentration (Alexander et al., 2009; Hall et al. 2013; Mulholland
et al., 2008). Here we adapted the scaling approach presented in Hall et al. (2013) and used multiple linear
regression analysis of the relationship between Sw, speciﬁc discharge deﬁned as ﬂow per unit width (Q/w),
and nutrient concentration (C):
log10 Sw 5a1 1a2 log10 ðQ=wÞ1a3 log10 C

(9)

In this study, we combined previous stream data used in Hall et al. (2013) with new data obtained during
the river experiments. We used the Hall et al. (2013) multiple regression approach, and obtained a separate
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Table 1
Parameter Estimates for the Three Regressions in Equation (10)
Solutes
NH4
NO3
PO4

Sample size, n

R2

95%CI of intercept

95%CI of Q/w coefficient

95%CI of C coefficient

159
208
124

0.70
0.3
0.68

2.07, 2.29
2.36, 2.68
2.32, 2.60

0.71, 0.87
0.40, 0.64
0.85, 1.11

0.21, 0.43
0.19, 0.35
0.01, 0.26

–
scaling relationship for each solute (NH1
4 , NO3 , and SRP), modifying the relationship found by Hall et al.
(2013) based on the inclusion of 15 rivers as follows:

NH4 1 2N : log10 Siw 52:1810:79 log10 ðQi =w i Þ10:32 log10 C i

(10a)

NO3 2 2N : log10 Siw 52:5210:52 log10 ðQi =w i Þ10:27 log10 C i

(10b)

SRP : log10 Siw 52:4610:98 log10 ðQi =w i Þ10:13 log10 C i

(10c)

where Qi is discharge at local reach i, wi is the width of reach i, and Ci is the solute concentration at reach i
as mentioned before (Supporting Information, Figure S2). The R2 (0.30) was lower for NO–3 , than for NH1
4
(0.70) or SRP (0.68), they have all improved from the regressions in Hall et al. (2013), and the p-values were
highly signiﬁcant (all less than 0.01) for all three relationships (Table 1). The difference between these 15
rivers and the small stream measurements used in Hall et al. (2013) will be further discussed in a follow-up
paper; the impact of the difference will be examined in the results later on in this paper
Observations from the 15 catchments indicated large variation in Sw among rivers, with the difference
between the measured Sw and Sw predicted by the regression relationship being more than an order of
magnitude in some catchments. Despite the potential errors in our measurement of Sw, the divergence
between predicted Sw and measured Sw cannot be considered as statistical errors only. To account for the
variation among the 15 rivers, we rescaled the predicted Sw values using catchment-speciﬁc information.
First, we assumed the relationship between Sw, speciﬁc discharge (Q/w), and concentration (C) was the
same across both scale and catchments, that is, the two coefﬁcients a2 and a3 in equation (9) are ﬁxed for
all catchments, whereas the intercept (a1), which represents catchment-speciﬁc biological demand reﬂecting the environmental context across catchments, was allowed to vary across rivers. Based on Sw, Q/w and
solute concentration measured at the outlet, we then back-calculated a1 for each river. For example, for
NH1
4 at the Buffalo Fork River, Sw was measured as 15,000 m, concentration was 5 lg/L, and Q/w was
33 m2/min, we substitute these into equation (10) as log(15,000) 5 a11 0.79log(33) 1 0.32log(5), and
a1 5 2.75 after solving the equation. We repeated this rescaling approach for Sw of each solute in each
catchment to get a catchment- and solute-speciﬁc scaling relationship for Sw over the ﬂow condition (Q/w)
and solute concentration (C). We note that the rescaled Sw at the outlet equals the empirically measured Sw.
We believe that the difference between the observed Sw and the predicted Sw from equation (10) results
from other environmental variables that were not measured, and to speculate on what these are would be
beyond the scope of this study. These data provide a starting point for the prediction of solute-speciﬁc Sw
at scale. Given the data we have to date, which does not include any time series information for an individual catchment, we cannot speculate on the within-catchment discharge/concentration relationship with Sw.
Nevertheless, we note that discharge and concentration were excluded from the correlation analysis
because these are used to calculate net uptake rates from measured Sw. Additionally, this homogeneity
assumption (i.e., using the intercept as a lumped surrogate of catchment characteristics) would also beneﬁt
from future ﬁeld measurements taken along the river network, as it is possible that variation among catchments may result in distinct scaling dynamics in response to ﬂow and concentration, changing the slope of
the regression rather than the intercept.
In the model, we applied three different scenarios to explore how different estimates of Sw inﬂuence nutrient dynamics across river networks: (1) Sw predicted by the equation presented in Hall et al. (2013) with
only small stream (Q < 2 m3/s) data from previous analysis (hereafter ‘‘small streams’’); (2) Sw predicted by
equation (10) with both small stream data and the data from river experiments (hereafter ‘‘small streams 1 15 rivers’’); and (3) the rescaled Sw from equation (10) as we described above (hereafter ‘‘empirically
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Table 2
Intercepts, Slopes, and r2 of the Regressions in Figure 7, p < 0.01 for All Regressions (Not Shown Here for Brevity)
NO–3 -N

NH1
4 -N
2

SRP
2

Intercept

Slope

r2

1.06
20.25
20.65
0.87
20.01
0.34
21.72
22.79
0.10
0.87
0.44
20.74
20.20
0.24
20.37

0.30
0.40
0.22
0.26
0.19
0.27
0.34
0.38
0.24
0.30
0.30
0.23
0.25
0.20
0.25

0.57
0.43
0.30
0.24
0.17
0.54
0.77
0.88
0.34
0.22
0.44
0.26
0.24
0.28
0.26

Intercept

Slope

r

Intercept

Slope

r

20.34
0.06
0.31
23.10
22.08
22.38
20.73
21.10
21.16
20.44
20.59
22.73
21.66
20.36
21.24

0.38
0.43
0.31
0.33
0.45
0.41
0.40
0.40
0.27
0.38
0.36
0.29
0.32
0.25
0.32

0.67
0.58
0.49
0.31
0.92
0.80
0.55
0.72
0.25
0.46
0.47
0.25
0.25
0.40
0.44

4.04
4.43
1.98
3.72
3.09
23.18
23.26
22.13
20.67
0.69
1.03
3.50
20.36
0.98
22.01

0.46
0.41
0.32
0.39
0.32
0.50
0.46
0.44
0.33
0.32
0.33
0.31
0.28
0.26
0.51

0.86
0.47
0.54
0.61
0.62
0.92
0.83
0.84
0.48
0.29
0.46
0.44
0.28
0.55
0.93

TIP
STJ
MAN
WHI
MUS
BUF
SNK
SAL
HNF
GRF
NPL
COL
GRG
BEA
GRO

rescaled’’). As the rescaled Sw is based on measured Sw, for reasons of brevity, we will use ‘‘rescaled Sw’’ to
refer to the actual observed Sw in the paper, and use ‘‘general regressions’’ to refer to Sw predicted by the
equation from Hall et al. (2013) with only the small stream data and small streams 1 15 rivers.
For each reach, we estimated the channel length from the catchment topographic map, and daily net
uptake from the model simulations by subtracting mineralization from the total uptake in equation (4). We
then grouped by discharge (streams: Q < 2 m3/s; rivers: Q > 2 m3/s) and summed up within each group. We
note that it is possible that a change in the chosen map scale could increase drainage density, and as such,
small streams would have even longer channel lengths. However, given mass and momentum preservation,
ﬂow velocities will also adjust, leading to only limited change in total travel time. Further analyses will be
needed to examine the impact of map scale on simulation of nutrient removal process.
2.5. Potential Influential Environmental Parameters
The intercept in equation (10) was calibrated to account for variation among catchments. Apart from the
potential impact from speciﬁc discharge and solute concentration not accounted for in equation (10), this
ﬁtted intercept was also a surrogate of the cumulative impact from inﬂuential catchment characteristics
beyond discharge and concentration. To quantify catchment characteristics driving this variability, we then
analyzed the simulation results based on rescaled Sw. We collected environmental parameters during the
river experiments that characterized the rivers and their surrounding catchments, such as land use information and whole-river metabolism (Hall et al., 2016). We explored correlations among these parameters with
simulated reach-scale daily net uptake rates (i.e., total uptake—mineralization). We note that discharge and
concentration were excluded from the correlation analysis because these are used to calculate net uptake
rates from measured Sw. We selected 16 catchment and reach-scale descriptors as candidate variables
including total catchment area, land use variables (e.g., percentage of developed land, forest, agriculture,
wetland, shrub, and grassland), water column turbidity, total suspended sediment (TSS), measures of
whole-river metabolism (i.e., gross primary production [GPP] and ecosystem respiration [ER]), dissolved inorganic nitrogen (DIN), and biomass estimates (seston chlorophyll a, benthic chlorophyll a, seston ash-free
dry mass [AFDM], and benthic AFDM).

3. Results
3.1. Uptake Length
Variation of empirically rescaled Sw among the catchments was larger than the variation of Sw predicted by
the two general regressions with small stream and small stream 1 15 river data (Figure 3). We note that the
rescaled Sw at the outlets in Figure 3 are indeed the actual measured Sw. Empirically rescaled/measured Sw
was larger than Sw from small stream data or small stream 1 15 river data in most catchments, except for a
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Figure 3. Comparison of the uptake length (Sw) estimated using three approaches: the equation presented in Table 2 in Hall et al. (2013) with only data from previously published studies in small streams (blue); equation (10) using of both small stream data and data from 15 rivers (cyan); and the empirically rescaled Sw from
–
equation (10) using the method described in section 2.3 (green) for (a) ammonium (NH1
4 ); (b) nitrate (NO3 ); and (c) soluble reactive phosphorus (SRP). The results
are left blank for some catchments because Sw was below detection during riverine ﬁeld experiments. Site abbreviations follow Figure 2. The error bars indicate
the upper and lower limit of the prediction at 95% conﬁdence level.[TQ3]

–
selected few river-solute combinations (i.e., NH1
4 Sw at Snake R and Green R at Gray Canyon, NO3 Sw at St.
Joseph R, and SRP Sw at St. Joseph, Muskegon, Green R at Seedskadee, and Green R at Ouray), suggesting
that in general, riverine nutrient uptake is higher than would have been predicted from previous relationships based on small streams alone. The distinct relationships among rivers, however, suggests that the biological and geomorphologic characteristics in individual catchments, as inferred from rescaled a1, are highly
variable, and hence it is necessary to treat each river individually to account for their varying characteristics
(i.e., environmental context). Moreover, the differences between empirically rescaled Sw and Sw using small
stream data or small stream 1 15 rivers are unique for each solute. For example, in the Green River at Ouray,
the rescaled NO–3 Sw is >10 times larger than Sw predicted by the two universal regressions (Figure 3a), but
the rescaled SRP Sw is only half the Sw predicted by the two universal regressions (Figure 3c). Given the differences in controls and drivers of inorganic N and P uptake, it is reasonable to infer that there are solutespeciﬁc responses to environmental factors, even within a catchment, potentially inﬂuenced by differences
in nutrient limitation across catchments (Reisinger et al., 2016). Moreover, Sw is an integrative metric reﬂecting complex interactions among hydrological, biological, and geomorphological processes. The substantial
variability shown in Figure 3 emphasizes the need to identify and understand the controlling factors that
drive variability beyond speciﬁc discharge and concentration.

3.2. Model Simulation Results
After reaching steady state conditions in our model outputs, empirically rescaled Sw could be larger than
predicted by the small stream regressions (Figure 4a), similar to predictions from the general regressions
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Figure 4. Simulated results of (a, d, g) mean uptake length (Sw), (b, e, h) mean concentration; and (c, f, i) mean cumulative percentage of net uptake for each solute
at catchments predicted by Sw from small streams (blue), small streams 1 15 river observations (red), and empirically rescaled Sw (green). The three columns show
three different scenarios for how rescaling Sw may affect model predictions: when rescaled Sw is much larger than the data estimation (a–c; ammonium [NH1
4 ] at
Muskegon), close to the estimation (d–f; soluble reactive phosphorus [SRP] at Manistee), and smaller than the estimation (g–i; nitrate [NO–3 ] at St. Joseph). Note
that the percent removal is calculated as the ratio between the total amount of nutrient uptake and the total lateral input from the local reach to the upstream
that contributes to the local reach.

(Figure 4d), or smaller than predicted by the general regressions (Figure 4g) depending on river catchment
and solute type. In all three cases, the two general regressions generated similar results.
For example, in the Muskegon R, the empirically rescaled NH1
4 Sw was >10 times longer than predictions
made using small stream regression approaches, with and without data from 15 rivers (Figure 4a), and the
modeled NH1
4 concentration is higher than the concentration estimated based on the general regressions
only further down the river network (Figure 4b). Ultimately, this discrepancy results in a 20% lower cumulative net uptake (Figure 4c) than would be expected based upon the general regressions predictions. However, if the empirically rescaled Sw was approximately equal to that predicted by the general regressions,
such as for SRP uptake in Manistee R (Figure 4d), the mean concentration and cumulative uptake predicted
by the empirically rescaled Sw model (Figures 4e and 4f) were similar to predictions using the general
regressions. When the empirically rescaled Sw was lower than predictions from the general regressions, as
for NO–3 uptake in St. Joseph R, there was an underestimate of the NO–3 concentration at the outlet (Figure
4h), and an increase in cumulative net uptake (Figure 4i).
In general, the differences between Sw predicted by the general regression relationship with and without the
data from the 15 rivers were small across the various catchments, while the two general regression results
(‘‘small streams’’ and ‘‘small streams 1 15 rivers’’) and the empirically rescaled Sw varied considerably. This difference between the general regressions and empirically rescaled results indicates some variation among
catchments beyond the average estimation from speciﬁc discharge (Q/w) and solute concentration, likely due
to catchment speciﬁc environmental factors. Future ﬁeld measurements are needed to test the regression we

YE ET AL.

DISSOLVED NUTRIENT REMOVAL

9633

Water Resources Research

10.1002/2017WR020858

used here and to quantify the inﬂuence of environmental variation. To better represent this variation among
catchments, in the following analyses we used the simulation results based on the rescaled Sw.
3.3. Spatial Distribution of Nutrient Uptake Within Catchments
Despite the variability among catchments and among solutes, the model consistently predicted a large riverine contribution to nutrient removal in the river network. As Figure 5 presents, total channel length
(stream versus river) varied among the catchments (Figure 5), mostly due to differences in drainage area
(Hack, 1957). Similarly, daily net uptake also varied among the catchments; however, patterns of daily net
uptake were not necessarily proportional to channel length. We found cases where large catchments with
longer channel lengths exhibited relatively small daily net uptake (i.e., NH1
4 in Colorado R.) whereas
medium-sized catchments may retain more nutrients (i.e., NO–3 in Midwestern Rivers). In general, we also
found that rivers (Q > 2 m3/s) in a network contribute disproportionately more to total daily net uptake,
compared to what would be predicted by the proportion of channel length that the rivers account for in
the network. This may be attributed to the larger width of rivers. Wider rivers indicate larger wetted perimeter and interaction area for the uptake from benthic biota.
In general, while the partitioning of total channel length and total nutrient uptake between small streams
(Q < 2m3/s) and rivers (Q > 2 m3/s) varied from catchment to catchment (Figure 6), the riverine fraction of
total nutrient uptake was consistently larger than for streams. Additionally, the fraction of nutrient retained
in rivers was larger than the corresponding fraction for streams in all 15 study catchments and for all three
solutes, suggesting that the riverine contribution to nutrient uptake is not solely a result of longer travel
distance.
3.4. Comparison Across Catchments and Solutes
While rivers generally retained a larger fraction of nutrients relative to their total channel length (Figure 6),
we also saw considerable variability among catchments. For example, the partitioning of total channel

Figure 5. Partitioning total stream/river length (km; blues) and daily net uptake (kg/d; oranges) between streams (Q < 2 m3/s; lighter shades) and rivers
–
(Q > 2 m3/s; darker shades) for each solute: (a) ammonium (NH1
4 ); (b) nitrate (NO3 ); and (c) soluble reactive phosphorus (SRP). The daily net uptake was estimated
using the empirically rescaled Sw.
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Figure 6. Percentage of channel length (shown in light and dark blue) and daily net uptake (shown in light and dark orange) accounted for by small streams
–
(Q < 2 m3/s; lighter shades) and rivers (Q > 2 m3/s; darker shades) for (a) ammonium (NH1
4 ), (b) nitrate (NO3 ), and (c) soluble reactive phosphorus (SRP).

length between streams and rivers is different; stream length was shorter in the Mountain West catchments
compared to catchments in the Midwest and Arid West, and as such the partitioning of total nutrient
uptake also varied from catchment to catchment. The catchment-scale daily net uptake was calculated as
the sum of the net uptake at the local reach plus that from all upstream reaches, which was then divided by
the sum of the channel length at both local and upstream reaches; results are expressed for each solute by
channel length in Figure 7. Daily uptake, expressed per km of channel length, varied from 0.01 to 10 kg
km21d21 across catchments except for NO–3 uptake in Midwest catchments where uptake ranged from 10
to 1,000 kg km21 d21 as a result of very high lateral input concentrations from agricultural land. In addition,
daily net uptake per km generally increased signiﬁcantly with discharge across all catchments and solutes
(Figure 7) and the rate of increase (i.e., slope of relationship) was generally consistent for all regressions,
ranging from 0.3 to 0.4, suggesting a similar scaling behavior among catchments, independent of the
hydrological or biogeochemical characteristics.
Although daily net uptake per km consistently increased with increasing discharge, rates of nutrient uptake
varied across regions both within and among solutes. For example, NH1
4 uptake rates were lower and more
variable in the Arid West compared to catchments in the Mountain West (Figures 7a, 7d, and 7g), perhaps
due to variable lateral inﬂow concentrations in the Arid West. Moreover, calibrated lateral NH1
4 concentra1
tions in Mountain West catchments were generally <100lg NH1
-N/L
while
NH
-N/L
varied
from
30 to 270
4
4
lg/L in the Arid West with similar estimates of Sw. Differences in lateral input concentrations likely explained
signiﬁcantly higher NO–3 Sw in Midwest catchments compared to the 10 Mountain and Arid West catchments (Figures 7b, 7e, and 7h); lateral inﬂow concentrations were >10,000 lg NO–3 -N/L. For SRP, the relatively lower SRP uptake per km in the Salmon and Snake R (Figure 7f) was likely a result of low input
concentrations (<40 lg P/L) and relatively long Sw (>25,000m). In summary, for any single solute, land use
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–
Figure 7. Scatterplots of uptake per km (kg km21 d21) for (a, d, g) ammonium (NH1
4 ), (b, e, h) nitrate (NO3 ), and (c, f, i) soluble reactive phosphorus (SRP) versus
the mean discharge for each reach grouped by region: (a–c) Midwest, (d–f) Mountain West, and (g–i) Arid West. Note, log-log axes span different ranges for each
solute.

combined with other catchment properties (e.g., biological demand) can drive differences among regions
through their combined inﬂuence on solute inputs and uptake length (Sw).
Regionally, nutrient uptake also varied among solutes in spite of similar topographic and biological conditions. For example, within the Midwest and Arid West, variation in NH1
4 uptake per km was greater than for
SRP or NO–3 uptake (Figures 7a–7c and 7g–7i), whereas variation in SRP uptake was most variable in catchments in the Mountain West. Within a region, land use distribution is comparable, while other catchment
characteristics such as biological activity (e.g., metabolism), underlying geology and ﬂow dynamics could
still be quite variable and create a unique environmental context (sensu Janetski et al., 2009) for each catchment, while controlling factors inﬂuencing nutrient uptake may also be solute speciﬁc. For example, biological uptake of NH1
4 in low-nutrient Mountain West catchments may be driven by assimilatory uptake by
water column biota, while NO–3 removal in Midwest catchments may result from increased benthic dissimilatory processes (i.e., microbial denitriﬁcation), and SRP uptake in Arid West catchments is likely inﬂuenced by
abiotic sorption dynamics resulting from elevated loads of suspended sediments.
3.5. Controlling Factors Besides Flow and Concentration
We used correlation analyses to explore factors (beyond discharge and concentration) that related with
daily net uptake (kg/day) for each solute (Table 3). For NH1
4 , there were no signiﬁcant correlations between
environmental variables and net uptake. For NO–3 , net daily uptake was correlated with seston chlorophyll a,
benthic AFDM, and land use (i.e., developed land, forest, agriculture and grassland). The importance of
human land use change was likely due to strong correlation between agriculture and high nutrient inputs,
especially in the Midwestern catchments. In contrast, for SRP, water column turbidity was observed to be
signiﬁcantly correlated with uptake, with increased turbidity resulting in higher daily net uptake, likely
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Correlation Results Between Daily Net Uptake (kg/d) of Ammonium (NH1
4 ),
Nitrate (NO–3 ), and Soluble Reactive Phosphorus (SRP) and Selected CatchmentSpeciﬁc Environmental Variables With Signiﬁcant Correlations Indicated in Bold
(p < 0.05)
Variable

NH1
4 -N

NO–3 -N

SRP

GPP
ER
Turbidity
TSS
Seston Chl a
Benthic Chl a
Seston AFDM
Benthic AFDM
DIN
Catchment Area
% Developed
% Forest
% Agriculture
% Wetland
% Shrub
% Grassland

20.28
20.09
20.16
20.28
20.19
20.04
20.17
0.02
–
20.17
0.05
0.35
20.06
0.17
20.08
0.01

20.07
20.10
0.62
0.62
0.95
20.13
0.49
0.77
–
0.47
0.72
–0.68
0.87
0.25
20.26
–0.68

20.68
20.07
0.65
0.58
0.66
20.12
0.31
0.62
0.53
0.18
0.49
–0.76
0.68
0.07
20.10
–0.68

10.1002/2017WR020858

reﬂecting the role of sediment sorption as an additional (albeit
abiotic) mechanism of dissolved P removal from the water column.
Nevertheless, the analysis suggests that there are environmental
characteristics beyond speciﬁc discharge and nutrient concentration
that are correlated with rates of nutrient removal, and that these patterns may be both catchment and solute speciﬁc.

4. Discussion
4.1. Rivers Are Bioreactive Locations in Fluvial Networks
We found that Sw exhibited an initial increase moving downstream,
but after the rapid downstream increase, Sw tended to stabilize (Figures 4a, 4d, and 4g). Meanwhile, the nutrient concentration decreases
downstream with rising discharge. If rivers are simply conduits for
downstream solute transport, Sw should keep increasing with discharge moving downstream, as streams transition to rivers. Additionally, under the assumption of homogeneous lateral inﬂows in our
simulation, the nutrient concentration would also increase in the
downstream direction due to the continual supply of nutrients, coupled with the increasing Sw, which limits nutrient removal from the
water column. This is contrary to what we see from the model simulations, suggesting that discharge is not the only controlling factor here,
and that there may be some biotic compensation in scaling.

This stabilization of Sw is consistent with the ﬁndings of Hall et al. (2013) in which they used a scaling
approach based on meta-analysis from empirical data from many small streams. In our model results, we
see a generalized exponential decline in concentrations, stabilizing in rivers (Figures 4b, 4e, and 4h), and an
associated increase followed by a plateau in proportion (as %) of cumulative net uptake (Figures 4c, 4f, and
4i) in our simulation. Overall, these simulation results indicate that in rivers, biological processing of
nutrients (i.e., areal uptake rate, U) increases concurrently with increasing size while hydrological inﬂuence
declines, thereby stabilizing Sw as one moves downstream in the ﬂuvial network and suggesting the potential for a dynamic equilibrium (Wollheim et al., 2006).
Despite differences in nutrient removal among catchments and solutes, our results consistently showed
that rivers contributed more to nutrient removal than would be expected based solely on the contribution
of rivers to total network length. This ﬁnding, coupled with the stabilizing Sw provide further support for rivers being more than simple conduits (Hall et al., 2016; Tank et al., 2008). Models of nutrient removal in river
networks which treat riverine nutrient removal as either constant (Wollheim et al., 2006) or decreasing with
river size (Alexander et al., 2008) may underestimate both riverine and network-scale nutrient removal. Our
results show that nutrient removal by rivers in ﬂuvial networks is comparable to, and often times greater
than, contributions made by small streams.
4.2. Variation in Nutrient Uptake Among Catchments
Our model results suggest considerable variability in riverine nutrient uptake among catchments, and this
variation is likely inﬂuenced by both differences in lateral inﬂow concentrations and variability in measured
riverine Sw. The divergence of measured Sw from the general regressions may reﬂect local characteristics,
such as biological activity or underlying geology. Combining our model simulation results for net nutrient
uptake with results from the correlation analyses, we explore the patterns in solute-speciﬁc variation.
Catchments in the Arid West had greater diversity in the distribution of native land use (17–60%), resulting
in variation in nutrient availability driven by lateral inﬂow concentrations. This variation in nutrient availability resulted in more scatter in the relationship between daily net uptake per km versus discharge (Figure 7).
In contrast, Mountain West catchments had more homogeneous land use type, dominated by native vegetation (e.g., forest), yet we did not see any signiﬁcant correlation between land use and variation in net daily
NH1
4 uptake . Controls on inorganic N uptake are consistent with the nutrient limitation status experimentally determined for these same rivers using nutrient diffusing substrata, where Reisinger et al. (2016) found
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that all ﬁve rivers in the Mountain West were signiﬁcantly N limited, in contrast to those in the Arid West.
Thus, we propose that variation in biological nutrient demand, mediated through nutrient limitation, can
drive regional differences in riverine nutrient uptake.
In contrast to western catchments, in two Midwestern catchments (St. Joseph R and Tippecanoe R), there is
a clear signal of very high lateral NO–3 inputs resulting from intense anthropogenic activities. Agricultural
land use covers around half of these catchments, which is in direct contrast to the predominance of native
land cover in Western catchments (e.g., <5% agriculture) where even the agricultural land receives little fertilizer application. The effect of anthropogenic dominance on NO–3 loading has been demonstrated via models (Alexander et al., 2009; Basu et al., 2010; Helton et al., 2011). Although agriculturally dominated
catchments showed higher net NO–3 uptake (Figures 5 and 7), these managed catchments with high NO–3
loading have relatively low uptake efﬁciencies when considering both uptake and inputs of NO–3 (Helton
et al., 2011; Mulholland et al., 2008).
In contrast to NO–3 , SRP uptake was relatively similar among catchments except for very low SRP uptake in
the Salmon R. and Snake R.; results from the regression tree analyses suggest that much longer Sw in these
two catchments are likely related to low turbidity in these rivers, which would decrease sorption-mediated
SRP removal from the water column associated with suspended sediments. The correlation between water
column turbidity and lower SRP concentrations occurred in southern Finland (Horppila & Nurminen, 2003),
where suspended particles decreased SRP concentrations via P sorption dynamics. We note that while turbidity in some rivers is human induced (e.g., related to land cover changes), turbidity in the Arid West rivers
in this study is related to natural underlying geology and river geomorphology.
Given the signiﬁcant variation in empirical measurements of solute-speciﬁc nutrient uptake in the 15 rivers
studied here, the limited number of estimates in the river network (only one at the outlet) and how these
data inﬂuence network estimates using the empirical rescaling approach, predictive modeling and generalizations are quite challenging for river networks, even for those constrained within regions. Moreover, to
increase predictive power, it is necessary to understand the factors that control variation in Sw, beyond
stream/river size (e.g., speciﬁc discharge) and solute concentration (Hall et al., 2013; Wollheim et al., 2006).
Identiﬁcation of environmental drivers of Sw in rivers may provide surrogate metrics for estimating riverine
nutrient uptake, but more empirical measurements of Sw across river and catchments types, sizes, and seasons in an attempt to characterize spatial and temporal variation are still needed.
4.3. Differences in Uptake Mechanisms Among Solutes
The regression analyses provided an insight into catchment characteristics driving solute-speciﬁc variation
in uptake, connecting lateral inﬂow concentrations and Sw to physical characteristics beyond speciﬁc discharge, such as hydraulics, land use, and biological activity (Table 3), and these characteristics were variably
inﬂuential across regions. In the Arid West, NH1
4 uptake was more variable than SRP uptake (Figure 7), and
the differences covaried with the inﬂuence of land use type for NH1
4 uptake, and by turbidity for SRP uptake
(Table 3). In contrast, in the Mountain West, 100-fold difference in turbidity caused more variation in SRP
uptake between Seedskadee and the others, compared to land use-driven variation in NH1
4 uptake. This differential covariation of land use and uptake of three different solutes can be attributed at least in part to
changes in land cover leading to changes in associated vegetative nutrient demand, especially driven by
agricultural crops, and differences in the delivery mechanisms of excess nutrients to adjacent waterways.
These regional differences among solutes are similar to differences in nutrient limitation across these same
15 rivers (Reisinger et al., 2016).
In general, land use and seston chlorophyll a (an indicator of primary production) were consistently among
the top ﬁve factors explaining variation in daily net uptake for all three solutes. Variables describing land
use type likely reﬂect variation in background solute concentration, while seston chlorophyll a is an indicator of biological activity of primary producers in the water column. Despite the similarity in controlling variables among solutes, there were two major differences. We found that SRP uptake was uniquely correlated
with indicators of sediment loading (i.e., turbidity) suggesting a distinct delivery mechanism and potential
controlling variable for net uptake of SRP (i.e., sediment absorption). Although land use is correlated with
nutrient removal for NO–3 and SRP We hypothesized that natural land cover (e.g., wetland and forest) would
correlate with net daily NH1
4 uptake as wetlands are a source of mineralized N, but we did not see this
across the models of the 15 catchments (none of the correlations were statistically signiﬁcant). In contrast,
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human land use (i.e., agriculture and/or developed land) was positively correlated, while natural land use
(i.e., forest and grassland) was negatively correlated with net daily uptake of NO–3 and SRP. Similarly, land
use was an important driver in the modeling of N and P delivery in the Mississippi and Atchafalaya River
Basins (Alexander et al., 2008) where overapplication of fertilizer in agricultural row crops leads to nutrient
runoff to adjacent streams and rivers (Howarth et al., 1996). In addition to the very high nutrient inputs in
waterways associated with row-crop agriculture, certain drainage management practices (i.e., the prevalence of subsurface tile drainage) in Midwest catchments increase the linkage between terrestrial and
aquatic ecosystems while also reducing the opportunity for nutrient retention and transformation on land.
Thus, Midwestern agriculture both increases nutrient availability (via fertilizer application), while also
increasing nutrient mobility via altered terrestrial-aquatic connections. Further studies are needed in more
catchments that include diverse land use patterns to help reﬁne our understanding of controlling drivers
and to allow us to differentiate between solute-speciﬁc estimation metrics as well as potential management
interventions. Nonetheless, the importance of both in-stream and watershed characteristics is supported by
our results.

5. Conclusions
In this paper, we have presented a model-based exploration of the scaling of nutrient removal for three different solutes in river networks, with a particular focus on the relative contributions of small streams versus
river nutrient uptake and the environmental controls on the variations in uptake across solutes, catchments,
and regions. We improved the coupled network-scale hydrological and biogeochemical model used by Ye
et al. (2012) by parameterizing the theoretical nutrient uptake with empirical relationships derived from
ﬁeld measurements using previously published small stream data and new measurements from 15 rivers
that were part of this study. The observations from the 15 study catchments spanned gradients of land use,
turbidity and biological activity, and when combined with stream data from the literature, permitted us to
estimate nutrient removal across the entire stream network, and to compare nutrient removal characteristics among catchments.
Our simulations showed that rivers can be nutrient removal hotspots and that their contribution to total
nutrient uptake within a catchment can be larger than their representative fraction predicted by the total river
channel length. The comparison of nutrient uptake metrics among the 15 river catchments showed solutespeciﬁc patterns and variability among catchments that is likely due to catchment speciﬁc environmental
variation captured via the rescaling of the relationship between uptake and concentration/discharge. Environmental characteristics, such as surrounding land use patterns, underlying geology, biological activity, and ﬂow
dynamics, were related to solute-speciﬁc patterns in catchment-scale nutrient removal. For example, the speciﬁc inﬂuential characteristics varies by inorganic N solute: NO–3 uptake was related signiﬁcantly with both river
metabolism (i.e., seston chlorophyll a and benthic AFDM) and land use types (i.e., natural versus human land
use), while the same did not hold for NH1
4 uptake. In contrast, SRP uptake was controlled by sediment characteristics (i.e., turbidity) suggesting that abiotic sorption dynamics may also play a role in SRP removal from the
water column. The variation in these potential environmental controls correlated with nutrient removal
suggests more mechanistic studies are needed to further reﬁne our understating.
There remains room to further improve the model used in this study. Currently, the model simulates bulk
uptake only and we could increase model realism if total nutrient uptake could be separated into planktonic, benthic, and transient storage components (Reisinger et al., 2015; Ye et al., 2012), which will require
additional ﬁeld measurements. The hydrological portion of the model can simulate dynamics of ﬂow at the
event scale, and therefore there is potential for an enhanced version of the model to simulate nutrient
uptake processes during varying ﬂow conditions. The addition of seasonal nutrient uptake data would allow
us to conduct annual simulations to study the role of temporal ﬂow variability on nutrient uptake. In terms
of spatial variability, the model will beneﬁt from future ﬁeld experiments designed to collect a set of concurrent uptake rate parameters (vf, Sw, etc.) within the same river network from headwaters to the river outlet.
A more complete heterogeneous distribution of lateral inﬂows and nutrient inputs within the catchment
could help advance our knowledge on the impact of varying land use.
Results from this study have implications for catchment management focused on the reduction of excess
nutrient export to downstream receiving waters; it is the delivery of excess nutrients that has resulted in
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recurring hypoxic ‘‘dead zones’’ in the Gulf of Mexico and >400 river outlets worldwide (Diaz & Rosenberg,
2008; Rabalais et al., 2002). Evidence that rivers can serve as bioreactive ‘‘hotspots’’ in the network suggests
that future management efforts could be designed to maintain or enhance nutrient uptake in rivers, including restoration that would enhance meanders within active ﬂoodplains which would increase travel distances, water residence time, and thus enhance biological uptake (Feld et al., 2011). Studies of the controlling
variables that drive removal of speciﬁc solutes at more catchments will be important for developing customized management strategies. For example, for rivers with high P ﬂux, approaches that reduce sediment
transport might be more effective, whereas for rivers with high inorganic N ﬂux, land use management that
prevents runoff and N loss may be more useful (Edwards & Withers, 2008).

Acknowledgments
We thank the ‘‘river gypsies,’’ the
experimental team who designed and
executed the ﬁeld research that
provided the experimental data from
the 15 rivers, all ancillary supporting
empirical data, and data analyses of all
ﬁeld samples. These measurements as
well as the modeling and model
diagnostics were supported by
National Science Foundation awards
DEB 09–21598, 09–22118, 09–22153,
and 10–07807. S.Y. also acknowledges
the support of the National Natural
Science Foundation of China (grant
51509218 and 51379184) for her
continuing work on this manuscript.
The data used are listed in the
references; readers can request
speciﬁc ﬁeld measurements for the 15
rivers by contacting tank.1@nd.edu,
and the coupled hydrologicalbiogeochemical model is available at
https://github.com/shengye1/THREW_
nutrient.git.

YE ET AL.

References
Aguilera, R., Marc
e, R., & Sabater, S. (2013). Modeling nutrient retention at the watershed scale: Does small stream research apply to the
whole river network? Journal of Geophysical Research: Biogeosciences, 118, 728–740. https://doi.org/10.1002/jgrg.20062
Alexander, R. B., Smith, R. A., & Schwarz, G. E. (2000). Effect of stream channel size on the delivery of nitrogen to the Gulf of Mexico. Nature,
403, 758–761.
Alexander, R. B., B€
ohlke, J. K., Boyer, E. W., David, M. B., Harvey, J. W., Mulholland, P. J., . . . Wollheim, W. M. (2009). Dynamic modeling of
nitrogen losses in river networks unravels the coupled effects of hydrological and biogeochemical processes. Biogeochemistry, 93,
91–116.
Alexander, R. B., Smith, R. A., Schwarz, G. E., Boyer, E. W., Nolan, J. V., & Brakebill, J. W. (2008). Differences in phosphorus and nitrogen delivery to the Gulf of Mexico from the Mississippi River Basin. Environmental Science & Technology, 42, 822–830.
Basu, N. B., Destouni, G., Jawitz, J. W., Thompson, S. E., Loukinova, N. V., Darracq, A., . . . Rao, P. S. (2010). Nutrient loads exported from managed catchments reveal emergent biogeochemical stationarity. Geophysical Research Letters, 37, L23404. https://doi.org/10.1029/
2010GL045168
Bernhardt, E. S., Likens, G. E., Hall, R. O., Buso, D. C., Fisher, S. G., Burton, T. M., . . . Lowe, W. H. (2005). Can’t see the forest for the stream?
The capacity of instream processing to modify terrestrial nitrogen exports. BioScience, 52, 219–230. https://doi.org/0.1641/00063568(2005)055
Billen, G., Lancelot, C., & Meybeck, M. (1991). N, P and Si retention along the aquatic continuum from land to ocean. In: R. F. C. Mantoura,
J. M. Martin, & R. Wollast (Eds.), Ocean margin processes in global change (pp. 19–44). Hoboken, NJ: John Wiley.
Bouwman, A. F., Van Drecht, G., Knoop, J. M., Beusen, A. H., & Meinardi, C. R. (2005). Exploring changes in river nitrogen export to the
world’s oceans. Global Biogeochemical Cycles, 19, GB1002. https://doi.org/10.1029/2004GB002314
Claessens, L., & Tague, C. L. (2009). Transport-based method for estimating in-stream nitrogen uptake at ambient concentration from nutrient addition experiments. Limnology and Oceanography: Methods, 7, 811–822.
Claessens, L., Tague, C. L., Groffman, P. M., & Melack, J. M. (2009). Longitudinal assessment of the effect of concentration on stream N
uptake rates in an urbanizing watershed. Biogeochemistry, 98, 63–74. https://doi.org/10.1007/s10533-009-9376-y
Diaz, R. J., & Rosenberg, R. (2008). Spreading dead zones and consequences for marine ecosystems. Science, 321, 926–929.
Dodds, W. K. (2006). Nutrients and the ‘dead zone’: The link between nutrient ratios and dissolved oxygen in the northern Gulf of Mexico.
Frontiers in Ecology and the Environment, 4, 211–217.
Dodds, W. K., Beaulieu, J. J., Eichmiller, J. J., Fischer, J. R., Franssen, N. R., Gudder, D. A., . . . Sheibley, R. W. (2008). Nitrogen cycling and
metabolism in the thalweg of a prairie river. Journal of Geophysical Research, 113, G04029. https://doi.org/10.1029/2008JG000696
Dodds, W. K., Lopez, A. J., Bowden, W. B., Gregory, S., Grimm, N. B., Hamilton, S. K., . . . Wollheim, W. M. (2002). N uptake as a function of concentration in streams. Journal of the North American Benthological Society, 21(2), 206–220.
Donner, S. D., Coe, M. T., Lenters, J. D., Twine, T. E., & Foley, J. A. (2002). Modeling the impact of hydrological changes on nitrate transport
in the Mississippi River basin from 1955 to 1994. Global Biogeochemical Cycles, 16(3), 1043. https://doi.org/10.1029/2001GB001396
Edwards, A. C., & Withers, P. J. A. (2008). Transport and delivery of suspended solids, nitrogen and phosphorus from various sources to
freshwaters in the UK. Journal of Hydrology, 350, 144–153.
Ensign, S. H., & Doyle, M. W. (2006). Nutrient spiraling in streams and river networks. Journal of Geophysical Research, 111, G04009. https://
doi.org/10.1029/2005JG000114
Feld, C. K., Birk, S., Bradley, D. C., Hering, D., Kail, J., Marzin, A., . . . Friberg, N. (2011). From natural to degraded rivers and back again: A test
of restoration ecology theory and practice. Advances in Ecological Research, 44, 119–209.
Gomez-Velez, J. D., Harvey, J. W., Cardenas, M. B., & Kiel, B. (2015). Denitriﬁcation in the Mississippi River network controlled by ﬂow
through river bedforms. Nature Geoscience, 8, 941–945. https://doi.org/10.1038/ngeo2567
Hack, J. (1957). Studies of longitudinal stream proﬁles in Virginia and Maryland, U.S. Geological Survey Professional Paper, 294-B, 45–97.
Hall, R. O., Baker, M. A., Rosi-Marshall, E. J., Tank, J. L., & Newbold, J. D. (2013). Solute speciﬁc scaling of inorganic nitrogen and phosphorus
uptake in streams. Biogeosciences, 10, 7323–7331. https://doi.org/10.5194/bg-10-7323-2013
Hall, R. O., Tank, J. L., Baker, M. A., Rosi-Marshall, E. J., & Hotchkiss, E. R. (2016). Metabolism, gas exchange, and carbon spiraling in rivers. Ecosystems, 19, 73–86. https://doi.org/10.1007/s10021-015-9918-1
Hall, R. O., Jr., Tank, J. L., Sobota, D. J., Mulholland, P. J., O’brien, J. M., Dodds, W. K., . . . Arango, C. P. (2009). Nitrate removal in stream ecosystems measured by 15N addition experiments: Total uptake. Limnology and Oceanography, 54(3), 653–665.
Helton, A. M., Poole, G. C., Meyer, J. L., Wollheim, W. M., Peterson, B. J., Mulholland, P. J., . . . Zeglin, L. (2011). Thinking outside the channel:
Modeling nitrogen cycling in networked river ecosystems. Frontiers in Ecology and the Environment, 9(4), 229–238. https://doi.org/10.
1890/080211
Horppila, J., & Nurminen, L. (2003). Effects of submerged macrophytes on sediment resuspension and internal phosphorus loading in Lake
Hidenvesi (southern Finland). Water Research, 37, 4468–4474.
Howarth, R. W., Billen, G., Swaney, D., Townsend, A., Jaworski, N., Lajtha, K., . . . Zhao-Liang, Z. (1996). Regional nitrogen budgets and riverine N & P ﬂuxes for the drainages to the North Atlantic Ocean: Natural and human inﬂuences. Biogeochemistry, 35, 75–139.
Janetski, D. J., Chaloner, D. T., Tiegs, S. D., & Lamberti, G. A. (2009). Paciﬁc salmon effects on stream ecosystems: A quantitative synthesis.
Oecologia, 159, 583–595. https://doi.org/10.1007/s00442-008-1249-x

DISSOLVED NUTRIENT REMOVAL

9640

Water Resources Research

10.1002/2017WR020858

Kiel, B. A., & Cardenas, M. B. (2014). Lateral hyporheic exchange throughout the Mississippi River network. Nature Geoscience, 7(6), 413–417.
https://doi.org/10.1038/ngeo2157
Li, H., Sivapalan, M., Liu, D., & Tian, F. (2010). Water and nutrient balances in a large tile-drained agricultural catchment: A distributed
modeling study. Hydrology and Earth System Sciences, 14, 2259–2275. https://doi.org/10.5194/hess-14-2259-2010
Martı, E., Aumatell, J., God
e, L., Poch, M., & Sabater, F. (2004). Nutrient retention efﬁciency in streams receiving inputs from wastewater
treatment plants. Journal of Environmental Quality, 33, 285–293.
Mulholland, P. J., Helton, A. M., Poole, G. C., Hall, R. O., Hamilton, S. K., Peterson, B. J., . . . Thomas, S. M. (2008). Stream denitriﬁcation across
biomes and its response to anthropogenic nitrate loading. Nature, 452, 202–205.
Mulholland, P. J., Newbold, J. D., Elwood, J. W., & Ferren, L. A. (1985). Phosphorus spiraling in a woodland stream: Seasonal variations. Ecology, 66(3), 1012–1023.
OECD. (1982). Eutrophication of waters: Monitoring, assessment and control. Paris: Author.
Peterson, B. J., Wollheim, W. M., Mulholland, P. J., Webster, J. R., Meyer, J. L., Tank, J. L., . . . Morrall, D. D. (2001). Control of nitrogen export
from watersheds by headwater streams. Science, 292(5514), 86–90.
Rabalais, N. N., Turner, R. E., & Wiseman, W. J., Jr. (2002). Gulf of Mexico hypoxia, aka ‘‘the dead zone. Annual Review of Ecology and Systematics, 33, 235–263.
Reggiani, P., Sivapalan, M., Hassanizadeh, S. M., & Gray, W. G. (2001). Coupled equations for mass and momentum balance in a bifurcating
stream channel network: Theoretical derivation and computational experiments. Proceedings of the Royal Society A: Mathematical, Physical and Engineering Science, 457, 157–189.
Reisinger, A. J., Tank, J. L., & Dee, M. M. (2016). Regional and seasonal variation in nutrient limitation of river bioﬁlms. Freshwater Science, 35,
474–489. https://doi.org/10.1086/685829
Reisinger, A. J., Tank, J. L., Rosi-Marshall, E. J., Hall, R. O., Jr., & Baker, M. A. (2015). The varying role of water column nutrient uptake along
river continua in contrasting landscapes. Biogeochemistry, 125, 115–131.
Roberts, B. J., & Mulholland, P. J. (2007). In-stream biotic control on nutrient biogeochemistry in a forested stream, West Fork of Walker
Branch. Journal of Geophysical Research, 112, G04002. https://doi.org/10.1029/2007JG000422
Seitzinger, S. P., Harrison, J. A., Dumont, E., Beusen, A. H. W., & Bouwman, A. F. (2005). Sources and delivery of carbon, nitrogen, and phosphorus to the coastal zone: An overview of Global Nutrient Export from Watersheds (NEWS) models and their application. Global Biogeochemical Cycles, 19, GB4S01. https://doi.org/10.1029/2005GB002606
Seitzinger, S. P., Styles, R. V., Boyer, E. W., Alexander, R. B., Billen, G., Howarth, R. W., . . . Breemen, N. V. (2002). Nitrogen retention in rivers:
Model development and application to watersheds in the northeastern U.S.A. Biogeochemistry, 57/58, 199–237.
Smil, V. (2000). Phosphorus in the environment: Natural ﬂows and human interferences. Annual Review of Energy and the Environment, 23,
53–88.
Smith, R. A., Schwarz, G. E., & Alexander, R. B. (1997). Regional interpretation of water quality monitoring data. Water Resources Research,
33(12), 2781–2798.
Tank, J. L., Bernot, M. J., & Rosi-Marshall, E. J. (2006). Nitrogen limitation and uptake. In F. R. Hauer & G. A. Lamberti (Eds.), Methods in stream
ecology (2nd ed., pp. 213–238). San Diego, CA: Academic Press.
Tank, J. L., Rosi-Marshall, E. J., Baker, M. A., & Hall, R. O., Jr. (2008). Are rivers just big streams? A pulse method to quantify nitrogen demand
in a large river. Ecology, 89(10), 2935–2945.
Tian, F., Hu, H., Lei, Z., & Sivapalan, M. (2006). Extension of the representative elementary watershed approach for cold regions via explicit
treatment of energy related processes. Hydrology and Earth System Sciences, 10, 619–644.
Wollheim, W. M., Peterson, B. J., Deegan, L. A., Hobbie, J. E., Hooker, B., Bowden, W. B., . . . Finlay, J. (2001). Inﬂuence of stream size on
ammonium and suspended particulate nitrogen processing. Limnology and Oceanography, 46(1), 1–13.
Wollheim, W. M., Peterson, B. J., Thomas, S. M., Hopkinson, C. H., & V€
or€
osmarty, C. J. (2008a). Dynamics of N removal over annual time periods in a suburban river network. Journal of Geophysical Research, 113, G03038. https://doi.org/10.1029/2007JG000660
Wollheim, W. M., V€
or€
osmarty, C. J., Bouwman, A. F., Green, P., Harrison, J., Linder, E., . . . Syvitski, J. P. M. (2008b). Global N removal by freshwater aquatic systems using a spatially distributed, within-basin approach. Global Biogeochemical Cycles, 22, GB2026. https://doi.org/10.
1029/2007GB002963
Wollheim, W. M., V€
or€
osmarty, C. J., Peterson, B. J., Seitzinger, S. P., & Hopkinson, C. S. (2006). Relationship between river size and nutrient
removal. Geophysical Research Letters, 33, L06410. https://doi.org/10.1029/2006GL025845
Ye, S., Covino, T. P., Sivapalan, M., Basu, N. B., Li, H.-Y., & Wang, S.-W. (2012). Dissolved nutrient retention dynamics in river networks: A
modeling investigation of transient ﬂows and scale effects. Water Resources Research, 48, W00J17. https://doi.org/10.1029/
2011WR010508

YE ET AL.

DISSOLVED NUTRIENT REMOVAL

9641

